
1 
-’’ 

t 1 

*r 

.: , . 
.: * 

L / I 

1 
> C O D E 1  

</ I 

(NASA CR OR TMX OR AD NUMBER1 

THE EVALUATION OF SEVERAL COMMERCIALLY AVAILABIX ACCELEROMETERS 

By Tom D .  Finley 

NASA Langley Research Center 
Langley S ta t ion ,  Hampton, V a .  

Presented a t  I . R . I . G .  Fourth Transducer Workshop 

GPO PRICE $ 

OTS PRICE(S) $ 

Microfiche (MF) 1 %  

Wright-Patterson AE’B, Cleveland, Ohio 
June 18-19, 1964 

I 



- T€E EVALUATION OF SEVERAL COMMERCIALLY AVAILABLE ACCELEROMETERS 

By Tom D. Finley* 
NASA Langley Research Center 

Ten years  of experience i n  ca l ib ra t ing  accelerometers a t  Langley Research 
Center has revealed t h a t  o f t en  these  instruments w i l l  not meet claims as  adver- 
t i s ed  and that many f a c t o r s  a f f ec t ing  performance are not included i n  manufac- 
t u r e r s '  spec i f ica t ions .  T h i s  has l e d  t o  t h e  accelerometer evaluat ion program 
present ly  underway a t  Langley. 
e f f o r t  t o  ob ta in  more accurate and more r e l i a b l e  data from commercially ava i l -  
ab le  accelerometers. 

The purpose of t h e  program i s  t o  a i d  i n  t h e  

22 (8- 
T h i s  paper d i sc loses  some of t h e  problems encountered during accelerometer 

ca l ib ra t ions  and discusses  some of t he  techniques, i n  p a r t i c u l a r  t h e  continuous 
p l o t ,  which can be used t o  revea l  instrument e r r o r s .  

The f i rs t  and major port ion of this paper dea ls  with one accelerometer of 
t he  servo type,  Brand A; t h e  second p a r t  i s  a co l lec t ion  of f ind ings  on accel-  
erometers of d i f f e r e n t  types.  (The names of t he  manufacturers are withheld t o  
avoid prejudice and allow the  reader  t o  look objec t ive ly  a t  t h e  problems 
discussed. ) 

I. Brand A 

Brand A servo accelerometer was the f i r s t  brand t o  be t e s t e d  i n  our present 

It w a s  chosen f o r  our first evaluation because i t s  design f ea tu res  
accelerometer evaluat ion program. Evaluation of t h i s  accelerometer i s  s t i l l  
incomplete. 
as adver t i sed  indicated conformance t o  Langley Research Center te lemetry and 
general  appl ica t ion  requirements, and because t h i s  brand of accelerometer was 
i n  frequent use i n  ground f a c i l i t i e s  and i n  space payloads. 
sketch of a cutaway view of Brand A and f igure  2 i s  an operat ional  block dia- 
gram. These f igu res  w i l l  be he lp fu l  i n  a discussion of t he  instrument 's  opera- 
t i o n .  The flexure-supported s e i s m i c  mass, which houses two capaci tor  p l a t e s ,  
moves with respec t  t o  t h e  s t a t iona ry  capacitor p l a t e s  when subjected t o  accel-  
e r a t ion .  T h i s  motion unbalances a capacitance bridge (made up of the  sensing 
capac i tors  and two f ixed  capac i tors  which are  not shown) and t h e  br idge output 
cur ren t  flows i n  t h e  fo rce  c o i l  of the seismic mass. T h i s  force  c o i l  current  
i n  t h e  magnetic f i e l d  provides the  res t ra in ing  force  which servo cont ro ls  t he  
pos i t i on  of t h e  mass. This current  a l s o  f l o w s  through a range r e s i s t o r  which 
can be se l ec t ed  t o  vary t h e  range of t he  accelerometer. 

Figure 1 i s  a 

1. The nonl inear i ty  and hys t e re s i s  were determined using t h r e e  methods. 
Each method had l i m i t a t i o n s  but  it was f e l t  t h a t  a l l  would he lp  t o  b e t t e r  de te r -  
mine these  c h a r a c t e r i s t i c s .  

(a) The r e s u l t s  of t h e  first method are shown i n  figure 3 .  
instrument was ranged f o r  ltO.5g f u l l  scale and posi t ioned on a dividing 
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head. The 
upper graph i s  a d i r e c t  p l o t  of t h e  accelerometer's output versus the  
input acce lera t ion  obtained by t i l t i n g  i n  t h e  f i e l d  of g rav i ty .  
second graph represents  t h e  devia t ion  of t he  output from a b e s t  s t r a i g h t  
l i n e .  
approximately 0.04 percent f u l l  s ca l e  and t h e  hys t e re s i s  w a s  0.01 per- 
cent f u l l  s ca l e .  

The output w a s  read d i r e c t l y  on a. d i f f e r e n t i a l  voltmeter. 

The 

With t h i s  method it w a s  determined t h a t  t h e  non l inea r i ty  w a s  

( i . e . ,  the range decreases) t h e  n a t u r a l  frequency decreases and t h e  damping 
r a t i o  increases.  
u r e  8 shows t h e  r e s u l t i n g  change i n  response of t h e  instrument when ranged f o r  
*O..5g and when ranged f o r  *5Og. 
f.5 percent t o  400 cps while i n  t h e  former the  f l a t  response extends t o  only 
10 cps. 
r e s i s t o r )  t h e  wider flat-frequency response can be maintained. 

(The da ta  shown are based on f5-vol t  f u l l - s c a l e  output . )  Fig- 

I n  t h e  l a t t e r  case t h e  response i s  f la t  within 

It should be noted t h a t  if less output i s  permissible (a  smaller load 

I 4. Damping s t a b i l i t y  - Tests were a l s o  performed on t h e  accelerometer t o  
determine t h e  change i n  frequency response w i t h  temperature and vacuum. Fig- 
u re  9 shows the  accelerometer 's  frequency response under atmospheric pressure 
a t  78' F, atmospheric pressure a t  175O F, and 0.02 p s i a  a t  78' F. 
change i n  response. This dynamic s t a b i l i t y  c o n s t i t u t e s  a notable advantage 
over many o ther  types of instruments. 

There was no 

(b) The second method employed s e l f - t e s t  o r  current i n se r t ion  
( f i g .  4 ) .  
accelerometer (ranged at f3g) and t h e  voltage across  a r e s i s t o r  i n  t h e  
current i n s e r t i o n  c i r c u i t .  
obtained by passing a cur ren t  through a compensating c o i l  wound on t h e  
same core as t h e  fo rce r  c o i l . )  
0.01-percent f u l l - s c a l e  nonl inear i ty  and 0.01-percent f u l l - s c a l e  
hys t e re s i s .  

The p l o t  shows t h e  e r r o r  between t h e  output voltage of t he  

(The force  simulating acce lera t ion  w a s  

This method indica ted  approximately 

( c )  The t h i r d  method used was t h e  e r r o r  p l o t  technique i n  which two 
similar accelerometers (ranged a t  f w g )  were acce lera ted  simultaneously 
on a cent r i fuge  and t h e  d i f fe rence  i n  t h e  outputs of t h e  two instruments 
w a s  p l o t t e d  continuously on an X-Y p l o t t e r .  The p l o t  i n  f i g u r e  5 shows 
t h e  r e s u l t s  obtained using t h i s  method and i n d i c a t e s  t h a t  t h e  d i f fe rence  
i n  l i n e a r i t y  of t he  two instruments w a s  0.015 percent f u l l  s ca l e  and t h e  
hys t e re s i s  d i f fe rence  between t h e  two accelerometers was 0.005 percent 
fu l l  s ca l e .  Thus a l l  t h ree  methods ind ica t e  h y s t e r e s i s  of 0.01 percent 
o r  l e s s  and non l inea r i ty  of 0.04 percent o r  less. 

2. The e f f e c t s  of temperature on t h e  sca l e  f a c t o r  of t h e  accelerometer 
were inves t iga ted  by performing f l g  c a l i b r a t i o n s  on t h e  instrument a t  -28' F, 
94' F, and 180° F. 
0.001 percent/OF (manufacturer claimed 0.02 percent /OF) . 
four  Brand A accelerometers i s  p l o t t e d  i n  f igu re  6.  
one of these instruments ranged f o r  k5Og s h i f t e d  0 .1  percent f u l l  s ca l e  which 

The sca l e  f a c t o r  change f o r  t h e  208' F change was only 
The zero s h i f t  of 

It should be noted t h a t  

would be 10 percent f u l l  s ca l e  when ranged f o r  g .  2 

3 .  The dynamic c h a r a c t e r i s t i c s  of t h e  accelerometer are a func t ion  of t he  
load r e s i s t o r  ( f i g .  7). The curves show t h a t  as t h e  load r e s i s t o r  increases  

2 



5. Damping technique - One u n i t  w a s  ava i lab le  f o r  t e s t i n g  on which t h e  
hermetic seal had acc ident ly  been broken. 
t h e  a i r  i n  t h e  Instrument was determined from t h e  frequency response a t  pres- 
sures of 1 atmosphere and 1 mm Hg. 
ment was e l e c t r i c a l l y  damped.) 
*50g, t h e  accelerometer changed from 0.8 c r i t i c a l  t o  almost zero damping with 
t h e  removal of t h e  a i r .  Ranged a t  klg t h e  accelerometer changed from 1.5 t o  
0.23 c r i t i c a l  damping which ind ica ted  t h a t ,  although t h e r e  i s  a s m a l l  amount of 
damping due t o  o ther  f a c t o r s ,  most of t he  damping developed w a s  from the  
encased gas ( o r  a i r ) .  

The por t ion  of damping fo rce  due t o  

(The manufacturer claimed t h a t  t h e  in s t ru -  
The r e s u l t s  a re  shown i n  f i g u r e  10. Ranged 

6.  The input voltage was one f a c t o r  which a f f ec t ed  t h e  accelerometer 's  
frequency response. The manufacturer rates the  instrument a t  an input voltage 
of 28 v o l t s  d-c k10 percent.  
frequency changes when one u n i t  w a s  ca l ibra ted  a t  26 v o l t s ,  28 v o l t s ,  and 
30 v o l t s .  Note t h a t  t h e  response var ied  as much as 20 percent near t h e  na tu ra l  
frequency. From t e s t s  on severa l  o ther  samples it w a s  found t h a t  t h e  magnitude 
of t h e  change w a s  g rea t e r  on underdamped u n i t s .  

Figure 11 shows t h e  frequency response and na tu ra l  

7. The amplitude of t h e  imposed dynamic acce lera t ion  a l s o  a f f e c t s  the  f r e -  
quency response of t h e  accelerometer ( f i g .  12) .  The response of a t5Og ins% 
ment var ied  as much as 20 percent near t h e  na tura l  frequency when ca l ib ra t ed  a t  
l g  and a t  w g .  Determination a t  l g  and at log  d i f f e r e d  by l e s s  than 2 per- 
cen t .  The amplitude e f f e c t s  on dynamic response were accompanied by progres- 
s i v e l y  g r e a t e r  d i s t o r t i o n  above about 20g. The peak value of t h e  output wave- 
form w a s  only approximately 1.25 times t h e  rrns value when subjected t o  50g 
s inusoida l  v ib ra t ion .  

8. The problem of mounting resonances was inves t iga ted  by p l o t t i n g  t h e  
instrument 's  response from 10 cps t o  10 kc.  On severa l  Brand A accelerometers 
t h e  response remained below 10 percent above 500 cps. On another u n i t  t h e  out- 
pu t  increased t o  3.6 times t h e  input a t  3700 cps ( f i g .  13). 

9. The e l e c t r o s t a t i c  a t t r a c t i o n  between t h e  capac i tor  p l a t e s  of t h e  accel-  
erometer can present  a problem. 

servo loop ga in  was so low that when t h e  power was applied t o  t h e  accelerometer, 
t h e  seismic mass would remain aga ins t  one of t h e  f ixed  capac i tor  p l a t e s .  
t hese  conditions t h e  output voltage would go t o  13 v o l t s  and t h e  instrument 
would remain inopera t ive  u n t i l  t h e  mass w a s  shaken loose o r  power w a s  removed 
and appl ied  while t h e  instrument w a s  i n  another pos i t i on .  The manufacturer 
suggests t h e  use  of zener diodes t o  remedy this problem. 

When t h e  instrument was ranged t o  d g  t h e  2 

Under 

10. T e s t s  performed employing current i n se r t ion  i n  t h e  compensation c o i l  
provided an accura te  measure of t h e  v a r i a t i o n  i n  output cur ren t  per g with a 
l a r g e  change of  range r e s i s t o r ,  500 t o  50,000 ohms (k3Og and kO.?g, respec- 
t i v e l y ) .  The d i f f e rence  between t h e  output current - and-a  f r a c t i o n  of the inser -  
t i o n  cur ren t  w a s  p lo t t ed  aga ins t  t h e  value of t h e  i n s e r t e d  cur ren t  (similar t o  
f i g  3 ) .  The i n s e r t e d  cur ren t  simulated acce lera t ion .  O f  t h e  two u n i t s  t e s t ed ,  
t h e  output cur ren t  per  g of one accelerometer increased 1 percent and t h e  o the r  
decreased t h e  same amount. Thus, f o r  grea te r  accuracy, range r e s i s t o r  changes 
on t h e  accelerometer should be followed by ca l ib ra t ions  o r  t h e  accelerometer 



should be ca l ib ra t ed  o r i g i n a l l y  with severa l  range r e s i s t o r s  t o  permit fu tu re  s 
range changes i n  t h e  f i e l d .  

11. The accelerometer 's  s e n s i t i v i t y  t o  acous t ic  noise w a s  i n  question 
because o f  t h e  configuration of t h e  seismic mass and t h e  gas coupling. 
noise  from 20 t o  2000 cps a t  l e v e l s  of 120 t o  140 dB was imposed on an acceler-  
ometer ranged k5g and ranged kwg.  The e f f e c t  was s m a l l  and the  da ta  f e l l  
within the experimental e r r o r  of t h e  t e s t s .  

Acoustic 

12. The sca l e  f a c t o r  change with input  vol tage va r i a t ion  w a s  determined on 
severa l  d i f f e ren t  ranges. 
( tolerance given by the manufacturer) s e n s i t i v i t y  of an accelerometer ranged 
a t  fO.5g changed approximately 1 percent.  

With a 510-percent change i n  the  input voltage 

The higher ranges were l e s s  a f fec ted .  

13. Some preliminary l i f e  t e s t s  have been conducted on Brand A accelerom- 
The u n i t s  were subjected t o  a two-axis v ibra t ion  of 8g t o  log  peak and e t e r s .  

frequencies from 10 cps t o  2000 cps. One u n i t  suffered a f a i l u r e  a f t e r  70 hours.  
Another un i t  w a s  placed i n  the  environment and f a i l e d  a f t e r  14 hours. I n  t h e  
f i n a l  t e s t  i n  t h i s  s e r i e s  a sample of t h i s  accelerometer from a l o t  recent ly  
del ivered t o  Langley was subjected t o  t h i s  environment f o r  1000 hours with no 
e f f e c t  on performance. 

11. The following i s  a co l lec t ion  of f ind ings  on accelerometers of d i f f e r e n t  
types : 

Brand B Servo Accelerometer 

The instrument was l ightweight ,  1.7 ounces, and r e l a t i v e l y  inexpensive. 
The sample t e s t e d  w a s  a k1g u n i t  with a full-scale output of 57.5 v o l t s .  
u n i t  w a s  placed i n  a *log v ibra t ion  f i e l d  f o r  1000 hours, suffered no f a i l u r e s ,  
and l a t e r  repeated i t s  o r i g i n a l  ca l ib ra t ion .  
within k15 percent t o  1-70 cps. 
0.03 percent and t h e  hys t e re s i s  0.16 percent .  
when the  negative input  vol tage was reduced ( t h e  manufacturer recommends a 
kl5-volt  d-c input power k15 percent ) .  
15 percent t he  -g s e n s i t i v i t y  decreased approximately 10 percent ( f i g .  14) .  

The 

The frequency response was f l a t  
I n  terms of s t a t i c  response the  l i n e a r i t y  was 

One very ser ious  e f f e c t  occurred 

When the negative voltage w a s  reduced 

Brand C Servo Accelerometer 

T h i s  k3g u n i t  had a 0- t o  5-volt  d-c output and a 28-voit d-c input .  The 
u n i t  was found t o  have f l a t  frequency response +2 percent t o  120 cps and 
510 percent t o  4-00 cps. 
a f t e r  approximately 1000 hours i n  a l o g  v ib ra t ion  f i e l d .  
near 300 cps where the  output displayed not iceable  d i s t o r t i o n .  

The s t a t i c  c a l i b r a t i o n  repeated within 0.1 percent 
There w a s  a region 

Brand D Servo Accelerometer 

Brand D air-damped servo accelerometers,  al though much l i g h t e r  and less 
temperature sens i t i ve  than t h e  oil-damped u n i t s ,  had unusual dynamic character-  
i s t i c s .  
na tu ra l  frequency. 
bearing s t ruc tu re .  

4 

The frequency response dropped off and then rose i n  the  region of t h e  
A very ser ious  defec t  i n  t h e  instrument w a s  i t s  f r a g i l e  
After t h e  u n i t s  were subjected t o  dynamic c a l i b r a t i o n s  near 



t h e i r  na tu ra l  frequency, t h e  output waveforms were d i s t o r t e d  ( f i g .  15). 
manufacturer said t h a t  t h e  bearings had been f rac tured  and s t a t ed  "We wish t o  
stress t o  you . . . t h a t  w e  do not recommend high gain e l e c t r i c a l l y  damped u n i t s  
t o  be used f o r  r e l a t i v e l y  high g v ibra t ion  studies." 
ever,  t h a t  t h e  f a i l u r e  occurred during a ca l ibra t ion  within t h e  amplitude and 
frequency range of t h e  instrument as specified i n  t h e  manufacturer's l i t e r a t u r e .  

The 

It should be noted, how- 

Brand E Strain-Gage Accelerometer 

These liquid-damped unbonded strain-gage accelerometers are i n  wide use a t  
Langley because of t h e i r  s i ze ,  weight, simplicity,  and cos t .  Most of these  
u n i t s  perform s a t i s f a c t o r i l y  but  many have displayed d i f f i c u l t i e s  because of 
t r a s h  and gas bubbles i n  the  damping f l u i d .  
X-ray photograph of two t ransducers  which p la in ly  shows t h e  presence of gas 
bubbles. 
versus acce lera t ion  imposed on a centr i fuge.  
and was caused by t r a s h  o r  debr i s  i n  t h e  damping f l u i d .  It should be noted 
t h a t  these  malfinctions would be very d i f f i c u l t  t o  discover without t h e  use of 
a continuous p l o t .  
Brand E accelerometer versus accelerat ion.  
and it i s  presumed t h a t  they a r e  caused by a bubble i n  t h e  f l u i d .  Figure 19 
shows a continuous p l o t  of t h e  frequency response of another Brand E accelerom- 
e t e r .  A s  t h e  p l o t  w a s  proceeding, t h e  shaker w a s  inver ted,  r ighted,  and 
inverted again.  
changing response . 

Reproduced i n  f igu re  16 i s  an 

Figure 17 shows continuous p l o t s  of a Brand E accelerometer output 
The malfunction was repeatable 

Figure 18 represents  a d i rec t  p l o t  of t h e  output of a 
These excursions were not repeatable  

The gas bubble thus  passed over t h e  seismic mass giving a 

C onclu s ions 

1. Accelerometer acceptance tests should include tes ts  f o r  t h e  following 
c h a r a c t e r i s t i c s :  

( a )  Distor t ion : 

(1) S t a t i c  - Discont inui t ies  can result from t r a s h  and a i r  
bubbles i n  the  damping f l u i d .  

(2) Dynamic - Damaged bearings, a i r  bubbles, and nonlinear 
damping can cause poor wave shapes o r  unstable frequency response. 

(b) Damping S t a b i l i t y  - The instrument should be ca l ibra ted  under 
vacuum t o  determine i f  t h e  s e a l  i s  su f f i c i en t  t o  maintain damping ( e i t h e r  
a i r  o r  l i q u i d ) .  

(c )  Resonances - The instrument ' s response should be continuously 
p lo t t ed  t o  10 kc o r  higher t o  d isc lose  any mounting or  spurious resonance. 

(d) S c d e  f a c t o r  vs .  input voltage.  

(e )  Damping v s .  input vol tage.  

( f )  Damping vs .  amplitude. 
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2. The following techniques can be used e f f ec t ive ly  t o  de tec t  f a u l t s  i n  
accelerometers: 

(a) X-rays of liquid-damped instruments. 

(b) Continuous X-Y p l o t t i n g  (Dynamic and S t a t i c )  - Many of t h e  
problems discussed i n  this paper would have been v i r t u a l l y  impossible 
t o  detect  without t he  use of t h i s  technique. 

6 
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